(Uranium-Thorium)/Helium Thermochronologic Constraints on Secondary Iron-Oxide Mineralization in Southwestern New Mexico by Channer, Michael
Utah State University 
DigitalCommons@USU 
All Graduate Theses and Dissertations Graduate Studies 
5-2017 
(Uranium-Thorium)/Helium Thermochronologic Constraints on 
Secondary Iron-Oxide Mineralization in Southwestern New Mexico 
Michael Channer 
Utah State University 
Follow this and additional works at: https://digitalcommons.usu.edu/etd 
 Part of the Geology Commons 
Recommended Citation 
Channer, Michael, "(Uranium-Thorium)/Helium Thermochronologic Constraints on Secondary Iron-Oxide 
Mineralization in Southwestern New Mexico" (2017). All Graduate Theses and Dissertations. 5887. 
https://digitalcommons.usu.edu/etd/5887 
This Thesis is brought to you for free and open access by 
the Graduate Studies at DigitalCommons@USU. It has 
been accepted for inclusion in All Graduate Theses and 
Dissertations by an authorized administrator of 
DigitalCommons@USU. For more information, please 
contact digitalcommons@usu.edu. 
  
(URANIUM-THORIUM)/HELIUM THERMOCHRONOLOGIC CONSTRAINTS ON 
SECONDARY IRON-OXIDE MINERALIZATION IN SOUTHWESTERN 
NEW MEXICO 
 
by 
 
Michael A. Channer 
 
A thesis submitted in partial fulfillment 
of the requirements for the degree 
 
of 
 
MASTER OF SCIENCE 
 
in 
 
Geology 
 
Approved: 
 
 
 
                                                                                                          
Alexis Ault, Ph.D. James Evans, Ph.D. 
Major Professor Committee Member 
 
 
 
                                                                                                          
Dennis Newell, Ph.D. Mark R. McLellan, Ph.D. 
Committee Member Vice President for Research and  
 Dean of the School of Graduate Studies 
 
UTAH STATE UNIVERSITY 
Logan, Utah 
 
2017 
 
 
ii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Michael Andrew Channer 2017 
 
All Rights Reserved 
 
 
iii 
ABSTRACT 
 
 
(Uranium-Thorium)/Helium Thermochronologic Constraints on Secondary Iron-Oxide 
Mineralization in Southwestern New Mexico 
 
by 
 
Michael A. Channer, Master of Science 
Utah State University, 2017 
 
Major Professor: Dr. Alexis K. Ault 
Department: Geology 
 
The transition between the Rio Grande rift and Basin and Range provinces in 
southwestern New Mexico is the site of protracted volcanism from ~60 Ma to 500 ka and 
associated epithermal mineralization. We apply hematite (U-Th)/He (hematite He) 
thermochronology to fracture-hosted hematite in the Lordsburg Mining District of SW 
New Mexico to resolve the timing of mineralization related to hydrothermal fluid 
circulation. We interpret hematite He dates with integrated field and structural 
observations, scanning electron microscopy to characterize hematite texture and grain 
size distribution, and zircon U-Pb and zircon (U-Th)/He (zircon He) chronology to 
constrain the timing of host rock formation and the ambient low-temperature thermal 
history, respectively. Botryoidal hematite fills NE–trending fractures that cut a brecciated 
rhyolite. Some fractures preserve open voids and hematite is not deformed post-
precipitation. Scanning electron microscopy reveals the millimeter- to centimeter-thick 
botryoidal hematite comprises stacked ≥200 nm-thick sublayers of densely-packed, 
radiating, blade- to rod-like crystals ≤100 nm in diameter, corresponding to inferred bulk 
He closure temperatures of ≤40 ºC. Upper surfaces of many of these layers exhibit 
iv 
iridescent patches with color variations on millimeter- to meter-scales. Forty-nine 
hematite aliquots from 12 samples, across seven fracture coatings yield reproducible 
intrasample hematite He dates from 3.4 ± 0.30 to 0.8 ± 0.02 Ma (mean ± 2). LA-ICP-
MS zircon U-Pb dates range are complex and range from ~90 to 54 Ma, including ~1.3–
1.0 Ga xenocrystic cores. The mean of the youngest dates from both samples is 54 ± 1.3 
Ma, inferred to represent the rhyolite eruption age. These data overlap new zircon He 
dates of 51 ± 0.1 Ma and 51 ± 4.6 Ma from two. These data, the lack of zircon He–
effective U and –grain size relationships, and thermal history simulations imply the host 
rock has remained near-surface since emplacement. We suggest the hematite He dates 
record ~3.5–1 Ma epithermal mineralization. Younger dates likely reflect partial diffusive 
He loss from the fine-grained and thus low He retentivity hematite. Our data suggest 
botryoidal hematite in the fracture-fills are unaffiliated with Paleocene-Eocene economic 
mineralization. 
(74 pages) 
v 
PUBLIC ABSTRACT 
 
 
(Uranium-Thorium)/Helium Thermochronologic Constraints on Secondary Iron-Oxide 
Mineralization in Southwestern New Mexico 
Michael A. Channer 
 
Southwestern New Mexico experienced protracted volcanism from ~60 Ma to 500 
ka and associated epithermal mineralization. We apply hematite (U-Th)/He (hematite He) 
thermochronology to fracture-hosted hematite in the Lordsburg Mining District to resolve 
the timing of mineralization related to hydrothermal fluid circulation. We interpret 
hematite He dates with integrated field and structural observations, scanning electron 
microscopy to characterize hematite texture and grain size distribution, and zircon U-Pb 
and zircon (U-Th)/He (zircon He) chronology to constrain the timing of host rock 
formation and the ambient low-temperature thermal history, respectively. Undeformed 
hematite fills fractures cut a brecciated rhyolite and preserve open voids. Scanning 
electron microscopy reveals botryoidal hematite comprises stacked sublayers of ultra-fine 
grained crystals, corresponding to low He retentivity hematite. Forty-nine hematite 
aliquots from 12 samples, across seven fracture coatings yield reproducible mean 
hematite He dates from 3.4 to 0.8 Ma. U-Pb zircon geochronology dates range from ~90 
to ~54 Ma, excluding ~1.3–1.0 Ga zircon components. These data overlap previously 
published dates (~56–52 Ma) from the host rhyolite overlap with new zircon He dates of 
~51 Ma from two rhyolite host rock samples. The mean of the youngest U-Pb zircon 
dates is 54 ± 1.3 Ma and is inferred to represent the rhyolite eruption age. We suggest the 
rhyolite has remained in the near surface since emplacement and that hematite He dates 
vi 
record ~3.5–1 Ma epithermal mineralization. Younger dates likely reflect partial diffusive 
He loss from the fine-grained and thus low He retentivity hematite. Our data suggests the 
hematite fracture-fills are unaffiliated with Paleocene-Eocene economic mineralization.  
vii 
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 INTRODUCTION 
Focused fluid flow and resulting mineralization can create or modify fracture fill 
and fault-veins in the upper crust. These processes in turn influence host rock 
mineralogy, porosity, and permeability (Caine et al., 1996; Caine and Forster, 1999; 
Williams et al., 2015). Constraining the timing of mineralization and fluid flow in the 
geologic past informs structural histories, fault zone architecture and permeability, and 
basin analyses critical for fossil-fuel exploration, subsurface CO2 sequestration, ore 
genesis, and contaminant transport modeling. Limited radiometric methods exist to 
constrain the timing of low-temperature (<200°C) fluid flow and mineralization. 
Radioisotopic systems previously used to place direct temporal constraints on fault-
related fluid flow include U-Pb and U-Th dating of carbonates (Verhaert et al., 2003; 
Uysal et al., 2007, Nuriel et al., 2012, Williams et al., 2015) in addition to 40Ar/39Ar and 
K-Ar dating of low-temperature clay assemblages (van der Pluijm et al., 2001; 
Cathelineau et al., 2012; Boles et al., 2015) and various hydrothermal minerals (Lueth et 
al., 2004; Bai et al., 2013).  
Hematite commonly precipitates in the near surface and at depth in permeable 
zones such as bedrock-hosted fault surfaces, fractures, and vein fill. Hematite is amenable 
to (U-Th)/He (hematite He) radiometric dating and is sensitive to a range of closure 
temperatures (Tc) from ~25–250 °C (Farley and Flowers, 2012; Evenson et al., 2014). 
The ubiquity of hematite in these settings and the low-temperature sensitivity of this 
system makes hematite He dating an optimal method to constrain the timing and rates of  
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Figure 1. DEM of southwest New Mexico and surrounding area. Thin black lines 
are faults. Yellow and orange shaded regions outline ~65–11 Ma and ≤10 Ma 
mapped volcanic rocks, respectively. Blue represents extent of Rio Grande rift. Red 
circle denotes the study location. Pink box denotes extent of study area. Grey inset 
shows the physiographic provinces near the Rio Grande rift: RGR—Rio Grande 
rift; BR—Basin and Range; CP—Colorado Plateau; GP—Great Plains; RM—
Rocky Mountains. 
surficial and upper-crustal processes such as faulting and mineralization from paleofluid 
flow (Reiners et al., 2014; Ault et al., 2015; Ault et al., 2016).  
We explore the utility of hematite He dating of bedrock-hosted fracture fill to 
place temporal constraints on mineralization from past fluid flow in the shallow crust. We 
accomplish this by investigating a suite of hematite-coated fracture surfaces near 
Lordsburg, New Mexico, located in the Pyramid Mining District and the transition 
between the Rio Grande rift and Basin and Range province (Figure 1). Here, early 
Cenozoic intrusive and extrusive volcanic rocks contain abundant, voluminous, economic 
Cu-Au-Ag-Pb mineralization (Lasky, 1938). We hypothesize that dating the hematite 
fracture fill will constrain the timing of hematite precipitation from paleofluid flow. We 
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test this hypothesis with integrated field and structural observations to establish the 
geologic context and field relationships, scanning electron microscopy for texture and 
grain size distribution information, and zircon U-Pb and zircon (U-Th)/He (zircon He) 
chronology to constrain the timing of host rock formation and the ambient low 
temperature thermal history, respectively. 
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GEOCHRONOLOGY AND THERMOCHRONOLOGY  
The comparative temperature sensitivity of the hematite (U-Th)/He (hematite He), 
zircon (U-Th)/He (zircon He), and zircon U-Pb systems provide the geo-and-
thermochronometry information necessary to interpret hematite He dates. Prior work 
demonstrated that polycrystalline hematite aggregates exhibit poly-domain diffusion 
behavior (Farley and Flowers, 2012; Evenson et al., 2014). Hematite 4He/3He 
thermochronometry experiments indicate that the individual crystallites approximate He 
diffusion domain length scales (Farley and Flowers, 2012). Thus, the temperature 
sensitivity or closure temperature of the hematite He system is a function of an aliquots’ 
crystal-size distribution and cooling rate. Hematite He closure temperature increases with 
grain size (Farley and Flowers et al., 2012; Evenson et al., 2014). Because hematite He 
diffusion is sensitive to low to moderate surface temperatures (25–250 °C), the hematite 
He method is an ideal approach to constrain the timing and rates of many surficial and 
upper-crustal processes. It has been applied to dating hydrothermal Fe-oxide (Bähr et al., 
1994; Lippolt et al., 1993, 1995; Wernicke and Lippolt, 1993, 1994b), pedogenic 
hematite and goethite cements (Heim et al., 2006; Vasconcelos et al., 2013), and timing 
of subsurface fluid flow responsible for cementing sandstone with Fe-rich diagenetic 
materials on the Colorado Plateau (Reiners et al., 2014).  
The interpretation of hematite He data can be complicated because (1) hematite 
can form either above or below its He closure temperature, (2) hematite is a poly-
crystalline aggregate, exhibits poly-domain He diffusion behavior, and low retentivity 
domains (e.g., small crystals) are susceptible to He loss, and (3) fracture or fault-hosted 
hematite may experience post-formation textural, chemical, and thermal modification 
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(Farley and Flowers, 2012; Reiners et al., 2014; Ault et al., 2015). Hematite He data may 
be interpreted in three broad categories. First, hematite He dates may record the time of 
hematite formation if the phase formed and remained below its Tc. Second, hematite He 
dates will reflect regional cooling due to erosion or tectonic exhumation if the hematite 
formed above its Tc and cooled subsequently. Third, hematite He dates may record 
thermal resetting due to frictional heating or later fluid flow (Ault et al., 2015; Ault et al., 
2016). Additional complexities of the hematite He system include post-formation U 
addition, which alters the hematite geochemistry and result in erroneously young (U-
Th)/He dates (Reiners et al., 2014). Interstitial phases within hematite may contribute 
both parent and daughter nuclides resulting in erroneously old (U-Th)/He dates (Evenson 
et al., 2014). 
Zircon He thermochronology aids hematite He date interpretation by providing 
independent constraints on ambient time-Temperature (t-T) history. The zircon He 
system has a Tc of ~25–200 °C due to qualities that affect helium diffusivity in a single 
crystal (Guenthner et al., 2013). The zircon He dates are predominantly influenced by the 
accumulation of radiation damage within a crystal (Guenthner et al., 2013). The effective 
U concentration (eU; [eU] = [U]+0.235[Th]; Flowers et al., 2009) of a suite of zircon 
crystals from a single sample is a proxy for radiation damage accumulation, provided the 
grains experienced the same thermal history (Guenthner et al., 2013). The variable 
volume fraction of radiation damage from crystals within a single sample is a result of 
variable incorporated parent isotope concentrations during crystal growth. Slowly cooled 
samples with a spread in eU will accumulate disparate amounts of radiation damage over 
time, resulting in disparate zircon He dates that may form positive or negative date-eU 
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trends depending on the time-temperature history (Guenthner et al., 2013). Zircon He 
date-eU correlations that exhibit uniform dates across variable eU indicate that the Tc of 
the individual zircons from a sample was passed through coevally, indicating the sample 
cooled quickly. Zircon He date-eU correlations can be integrated with other independent 
time and temperature constraints to narrow the range of permissible thermal histories 
(Guenthner et al., 2013; 2014). In addition to radiation damage, zircon He dates can be 
influenced by cooling rate, parent isotope zonation, and anisotropy-controlled He 
diffusion (Farley et al., 1996; Hourigan et al., 2005; Min et al., 2006; Reich et al., 2007). 
Zircon U-Pb geochronology also aids in interpretation of hematite He dates. The 
zircon U-Pb system exhibits Tc ~800–1000 °C providing the crystallization age of host 
rock and placing a maximum age on the timing of hematite mineralization (Cherniak and 
Watson, 2003). Zircon is commonly zoned with respect to U and Th concentration, 
resulting in distinct zoning patterns that can be imaged with cathodoluminescence (CL). 
These zoning patterns are used to interpret complex zircon U-Pb datasets, including 
discordant dates from multiple domains of different age. Collectively, these geo- and 
thermochronometers will inform host rock emplacement, bracket the timing and rate of 
its cooling, and inform any subsequent reheating due to reburial that may influence the 
hematite He dates.  
7 
CASE STUDY: PYRAMID MOUNTAINS, NEW MEXICO 
The Pyramid Mountains lie within in the transition zone between the Rio Grande 
rift and the southern Basin and Range (Figure 1). The Basin and Range tectonic province 
is broadly defined by Cenozoic volcanism and extension generating interconnected N-S–
trending basins from southern Idaho to Northern Mexico between the Sierra Nevada 
Mountains in eastern California and the Wasatch mountains in central Utah (Fenneman 
1928; Gilbert 1928; Eaton et al., 1979). This tectonic province wraps around the southern 
margin of the Colorado Plateau incorporating southern Arizona and southwestern New 
Mexico (Davis 1980; Dickinson 1991). The Rio Grande rift extends over 1,000 km from 
central Colorado to northern Mexico as interconnected N-S–trending asymmetrical 
grabens (Chapin, 1979). In the north, the rift margins are a narrow, linear series of 
grabens that widen to multiple broad, adjacent basins southward as the rift transitions into 
the southern Basin and Range province (Cordell, 1978; Berglund et al., 2012). Prior work 
suggests rocks exposed in the Basin and Range and Rio Grande rift tectonic provinces 
record widespread extension and volcanism that began in the Late Oligiocene and 
continued into the Miocene (Chapin, 1979; Baldridge et al., 1984; Price and Henry, 1984; 
Seager et al., 1984; Aldrich et al, 1986). The timing of extension-related exhumation 
varied spatially, but can be generalized into two pulses, the first of which occurred in late 
Oligocene to Miocene and a second pulse that is specific to the Basin and Range from the 
mid Miocene to Early Pliocene (Dickinson 1991; Kelley et al., 1992; Foster and John, 
1999; Colgan et al., 2006; Landman and Flowers 2012; Ricketts et al., 2015). 
Much of the geologic history of the Pyramid Mountains predates regional 
extension characteristic of the Basin and Range and Rio Grande rift. In the northern 
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Pyramid Mountains, basaltic andesite, the Lordsburg granodiorite stock, and rhyolite are 
constrained between ~67–52 Ma. Lithologically correlative units to the hematite-fracture 
filled host rock span a tighter range of dates ~56–52 Ma (Figure 2; Flege 1959; Deal et 
al., 1978; Marvin et al., 1978; Ratté et al., 1984). In the southern Pyramid Mountains, 
40 km south of the road cut outcrop, rhyolite and ash-flow tuffs and rhyolitic tuffs 
associated with the Muir Caldera and other ignimbrite activity yield dates of ~36–26 Ma 
(Deal et al., 1978; McIntosh and Bryan, 2000). 
 
Figure 2. Geologic map of the Northern Pyramid Mountains showing available 
geochronology. Box denotes study area. Target hematite-coated fractures are 
exposed in an I-10 road cut and cross-cut a brecciated rhyolite (Ti). 
9 
Basement-rock alteration, ore mineralization, and brecciation in the Lordsburg 
mining district occurred over several episodes and were confined within a few meters of 
faults (Lasky, 1938). Widespread Cu-Au-Ag-Pb mineralization is interpreted to be ~56–
52 Ma based on field relationships to dated rock. The mineralization paragenetic 
sequence is broadly characterized by six stages, and field observations suggests hematite 
was first to mineralize and the only stage that filled the void or fracture space completely 
(Lasky 1938; Clark 1970). This mineralization is decentralized but the closest veins are 
more than 5 km from our fracture suite. 
Quaternary volcanism and occurrence of hot groundwater wells suggest that this 
region may have experienced high heat flow in the recent past both within the Animas 
Valley basin and the Pyramid Mountains possibly related to extension, magmatism, or 
both (Lasky, 1938; Smith, 1978; Elston et al., 1983). The Pyramid Mountains are bound 
to the west by the Animas Valley fault (AVF), a west-dipping normal fault. The Animas 
Valley is the site of Pleistocene volcanism and ongoing hydrothermal activity (Figure 2). 
Basalt erupted roughly 48 km south of study area at 511 ± 3 ka (Smith, 1978). Numerous 
wells ≥16 km from sample areas indicate groundwater temperatures range from ~30–
150 °C within 300 m of the surface (Smith, 1978; Elston et al., 1983; Blackwell and 
Wisian, 2001; Cunniff and Bowers, 2005). The intense shallow thermal anomaly may be 
due to geothermal fluids ascending at the intersection of the AVF and the outer ring 
fracture of the Paleogene Muir Cauldron, or the intersection of the AVF and the northern 
limit of a Laramide thrust (Smith,1978; Elston et al., 1983; Blackwell and Wisian, 2001; 
Cunniff and Bowers, 2005). Aeromagnetic surveys and seismic data suggest inferred 
faults and buried structures force the geothermal water upwards in a restricted area, 
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directing water at temperatures greater than 100 °C within a few tens of meters of the 
surface, confined between multiple thin layers of clay-rich aquitards (Blackwell and 
Wisian, 2001; Cunniff and Bowers, 2005). The modern day geothermal gradient within 
the Pyramid Mountains is approximately 46 °C/km based on temperature measurements 
in mine shafts (Lasky, 1938).  
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ANALYTICAL METHODS 
Scanning Electron Microscopy 
We utilized scanning electron microscopy (SEM) to document textural and 
chemical differences in hematite and zircon. Chips of hematite ~1–2 mm in diameter 
were extracted from the fault surfaces using fine point tweezers and a dremel tool. These 
chips where then broken into replicate aliquots. Aliquots of hematite were selected to 
avoid dremel tool marks and boundaries with other phases.  Aliquots used for (U-Th)/He 
analysis are consumed during the measurement process. Therefore, representative 
aliquots from hematite samples were prepared for BSE imaging in two ways. Larger 
subsamples were broken into several millimeter- and submillimeter-sized aliquots and 
imaged directly on top of conductive copper sticky tape under low vacuum. Other 
hematite aliquots were mounted in cross-section in epoxy in a 1-inch plastic ring form, 
polished, and carbon-coated. 
BSE imaging of all polished aliquots occurred in high vacuum with 15 kV 
accelerating voltage, 65 nA current, and 6.5–10 mm working distance. Images were 
acquired at various scales to document grain size distribution. BSE images were taken at 
1000x-300000x for the hematite samples and thickness (diameter) of individual plates 
was measured or estimated for each sample using the SEM’s distance line tool. In 
addition to the BSE images, polished and epoxy-mounted zircon were imaged at Brigham 
Young University using their ESEM XL30 FEI with a cathodoluminescence (CL) 
detector. CL imaging of zircon aliquots was conducted under high vacuum with 15 kV 
accelerating voltage, 20 nA current, and ~10 mm working distance. 
12 
(U-Th)/He Dating Methods 
He degassing and U-Th analyses of hematite and zircon aliquots was conducted at 
the Arizona Radiogenic Helium Dating Laboratory (ARHDL) at the University of 
Arizona. 
 Hematite (U-Th)/He Dating Methods 
Following sample selection and imaging, individual aliquots were loaded into Nb 
packets. These were heated to temperatures and packet “glow” comparable to apatite for 
~8–10 minutes using a diode laser in an ultra-high vacuum gas extraction line. Extracted 
He gas was spiked with 3He, purified using cryogenic and gettering methods, and 
analyzed on a quadrupole mass spectrometer. Each aliquot was heated a second time to 
temperatures slightly greater than the first extraction but negligible gas was released. 
Analysis of a known quantity of 4He was performed after every 4–5 unknown analyses to 
monitor instrumental sensitivity drift. U and Th contents of each aliquot were measured 
by isotope dilution and solution ICPMS, as described by Reiners (2005). Prior analyses in 
the ARHDL indicate that hematite does not fully dissolve in nitric acid, hydrochloric 
acid, or aqua regia, requiring HF dissolution in a pressure digestion vessel (Parr bomb). 
Following addition of a 233U-229Th spike, equilibration, and dissolution, U and Th 
isotopes were measured on an Element 2 ICP-MS. Fish Canyon Tuff zircon was used as a 
standard and analyzed by the same procedures with the batch of unknowns. Hematite He 
dates were determined assuming that the aliquots were unzoned in U and Th. An α-
ejection correction factor is not applied to the He dates since aliquots were selected from 
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the interior of the hematite material at a distance greater than one α-stopping (i.e., 
>20 μm) away from the hematite-host rock interface. 
Zircon (U-Th)/He Dating Methods 
Single crystals of zircon were selected based on morphology and clarity, and 
minimal inclusions using a binocular microscope with crossed polars. Individual zircons 
were imaged, length, width, and tip heights dimensions measured on two sides, and 
loaded into Nb packets. Zircons were laser heated to ~1250 °C for 15 minutes followed 
by 1–2 gas re-extracts at higher temperatures to purge the grains of He using a diode laser 
on an ultra-high vacuum gas extraction line. Extracted He gas was spiked with 3He, 
purified using cryogenic and gettering methods, and analyzed on a quadrupole mass 
spectrometer. Analysis of a known quantity of 4He was performed after every 4–5 
unknown analyses to monitor instrumental sensitivity drift. Following addition of a 233U-
229Th spike, equilibration, and dissolution in HF in dissolution in a Parr bomb, the U and 
Th isotopes were measured on an Element 2 ICP-MS. Fish Canyon Tuff zircon was used 
as a standard and analyzed by the same procedures with the batch of unknowns. U, Th, 
and He concentration measurements were calculated based on Zr concentration analysis 
and stoichiometry (Guenthner et al., 2016). Finally, we used the alpha ejection correction 
described by Hourigan et al. (2005) to account for He loss. 
Zircon U-Pb Dating Methods 
U-Pb analyses of zircon were conducted at the University of Utah using laser 
ablation-inductively-coupled plasma mass spectrometry (LA-ICP-MS) on an Agilent 
14 
7500ce mass spectrometer. Zircon was ablated using an excimer laser operating at a 
wavelength of 193 nm, using a spot diameter of 24 microns set at 100% of 3 mJ, and a 
6 Hz repetition rate. To monitor instrumental sensitivity drift, four natural zircon 
standards were analyzed at the beginning and end of each sample run, with two known 
analyses performed every 8 unknown analyses. The standards used for the in-run 
analyses were 91500, Plesovice, and R33, providing zircon U-Pb dates with a minimum 
uncertainty of 2%.  
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RESULTS  
Field and Macroscopic Observations 
Rhyolite exposed in a road cut on the northwestern margin of the Pyramid 
Mountains (Figure 2) is locally brecciated with centimeter- to meter-scale clasts and 
exhibits microbreccias cemented with Fe-oxide (Figure 3). The fault is dissected by a 
~10-m-wide zone of fractures filled with multilayered botryoidal hematite (Figure 3A). 
The hematite-coated fractures are spaced ~1 m apart and strike ~200°–220° and dip sub-
vertically to the northwest. Hematite fracture fill thickness ranges from <1 mm to ~1 cm. 
There is no evidence of post-precipitation deformation within the hematite. Small 
millimeter- to centimeter-sized rhyolitic clasts are coated by hematite up to several 
millimeter-thick and void spaces are preserved. The hematite displays greasy, metallic, 
and locally earthy luster (Figure 3B). Color ranges from silver to black with localized, 
anastomosing or swirling iridescence patterns with color variations on the millimeter- to 
meter-scale. This iridescence varies in intensity from muted purples and greens to vibrant 
yellows, oranges, and reds. Botryoidal hematite layers are fissile and, when flaked off, 
commonly reveal another iridescent surface beneath the first, often of a different color 
(Figure 3B). 
A fault transects the outcrop trending 199° and dipping 50° with slickenlines 
oriented 50280 (Figure 3A). Red-brown, fine-grained hematite coats the fault surface 
and the surface is deformed, striated, and lighter in color than the hematite fracture-fill on 
either side of the fault. Where the fault intersects the hematite-filled fractures, the fracture 
fill appears to have been drawn into the fault, suggesting hematite mineralization in 
fractures predates the most recent movement on this fault. 
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Figure 3. Sample locations and examples. (A) Panoramic view to the southeast of 
porphyritic rhyolite exposed in a road cut. Black surfaces are locally iridescent, 
hematite-coated, north-dipping fracture surfaces. (B) Hematite hand samples on 
fracture surface displaying thickness, texture, and color variations.Microscopic 
Hematite Observations 
Under an optical microscope, hematite layers are hundreds of microns thick 
(Figure 4). However, SEM BSE and SE imaging reveal these layers comprise numerous 
stacked sublayers ~10–200 nm thick (Figure 4 and Figure 5). There is no apparent 
difference between the layer thickness of iridescent and non-iridescent layers, nor is there 
a visually-correlative hematite layer common among all samples. Approximately 750–
1000 m below the top surface, every imaged aliquot exhibits a hematite-rich 
microbreccia consisting of angular quartz and host rock clasts in a hematite cement. The 
thickness, size, and volume fraction of host rock inclusions is variable in each sample. 
Care was taken to avoid these clasts and microbreccia sublayers in dated aliquots. 
Individual crystallite size for all the hematite aliquots varies between ~1–200 nm 
in diameter. The hematite crystal morphology of most samples, regardless of surface 
color or iridescence pattern, is characterized by rounded crystallites with local irregular 
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lobate grain boundaries. Lobate grains diameters are estimated at ~50–100 nm (Figure 4). 
A few samples exhibit a different morphology, including sample MC15-4A that shows a 
few sublayers with an interconnected, elongated blocky texture, with the long axis 
measured to be ~500 nm and the short axis ~200 nm wide. Samples MC15-5B and 
MC15-5M also exhibit a unique texture and mineralogy. These samples are composed of 
a finer-grained crystalline goethite, based on SEM appearance and conchoidal fractures 
observed under the optical microscope. 
Hematite (U-Th)/He Dating  
Forty-nine hematite He aliquots from 12 samples across 7 fractures yield 
reproducible intrasample hematite He dates: 3.4 ± 0.15 Ma to 0.8 ± 0.01 Ma (mean ± 1σ) 
(Figure 6A, TABLE 1). Of the individual hematite He dates, ~80% fall from ~1 to 3 Ma. 
Eight of the 12 samples exhibit less than 15% standard deviation. The range of U (ng) for 
samples with >15% and <15% standard deviation is 0.5–7.2 and 0.2–7.7, respectively 
(Figure 6B). Th/U ratios span 0.02–1.28, and 0.02–0.41, for each subdivision, 
respectively (Figure 6C). There are no positive intrasample hematite He date-Th/U ratio 
trends, or systematic relationships between these trends and sample standard deviation. 
We do not identify systematic patterns between texture, depth, chemistry, or chronologic 
information. The exception is MC15-5M and MC15-5B, which comprise fine-grained 
goethite and yield the youngest dates of the dataset. Similarly, no age difference between 
iridescent and noniridescent samples from the same fracture fill is observed. 
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Figure 4. Hematite sample images under plane light and SEM demonstrating 
iridescence and botryoidal habit. Red boxes indicate locations from which aliquots 
were selected. 
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Figure 5. SEM images illustrating (A–D) are SEM images that best represent the 
hematite’s botryoidal habit at a variety of scales, though this hematite chip (MC15-
R1) was not dated. (E) MC15-5B, (F) MC15-4A, (G) A14-1, and (H) MC15-4A all 
provide different perspectives of the hematite’s texture, morphology, and 
crystal size.  
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Zircon (U-Th)/He Thermochronometry and U-Pb Geochronology 
We acquired zircon texture and morphology, zircon He, and zircon U-Pb data for 
rhyolite samples MC15-1C and MC15-2, separated by ~400 m. These samples were 
characterized using optical microscopy and SEM BSE and CL imaging. Under plane 
polarized light, zircon crystals are ~30–100 m in diameter, euhedral, and clear. Mounted 
and polished zircon from both samples reveal unique fractures known as parallel partings 
in select grains and modest but variable zonation observed in CL but not BSE, inferred to 
reflect variations in [U]. The fractures are irregularly-spaced ~1–20 m apart and ~1– 
 
Figure 6. (A) Individual hematite He dates classified by sample. Eight of 12 samples 
show <15% sample standard deviation, represented by the black text. The other 
4 samples with >15% standard deviation are highlighted in red text in A and with 
colored paths connecting replicate aliquots in B and C. (B) Individual hematite He 
date versus U (ng). (C) Individual hematite He date versus Th/U. 
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10 m wide. The partings often transect the entire grain, and run parallel to the c-axis. 
Approximately 80% of the U-Pb dated grains display parallel partings. Nearly half of the 
zircon exhibit sector zonation and three grains (~4% of the analyses) demonstrated a U-
enriched core relative to the rim (Figure 7A, Appendix A). Mean zircon He dates are 51 ± 
0.1 Ma (N=5) and 51 ± 4.6 Ma (N=5), for MC15-1C and MC15-2 respectively (TABLE 
2; Figure 7B). These mean dates overlap within 1σ error. Samples exhibit uniform zircon 
He dates over eU concentrations spanning ~80–150 ppm and equivalent spherical radii of 
~40–90 µm (TABLE 2; Figure 7C and 7D). 
U-Pb zircon dates from the same two samples, MC15-1C (N=40) and MC15-2 
(N=30), yield complex, yet similar results (TABLE 3; Figure 7A and 7B). U-Pb analyses 
from both samples yield ~1.3–1.0 Ga dates that are associated with core domains. The 
[U] for the ~1.3–1.0 Ga cores span ~120–590 ppm (mean ≈ 336 ppm; N=7), generally 
higher than the eU range for the zircon He analyses. Dates are as young as ~54 Ma with 
[U] that span ~16–590 ppm (mean ≈ 154 ppm; N=70). The [U] for the ~59–54 Ma 
analyses range from ~120–590 ppm (mean ≈ 103 ppm; N=37). The [U] of the concordant 
analyses span ~50–190 ppm (mean ≈ 89 ppm; N=27), which overlaps with eU reported in 
zircon He data. More than 85% of spot analyses that sampled zircon surfaces exhibiting 
parallel partings produced discordance values >15%, and these fractures are likely the 
source of elevated common Pb. 
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TABLE 1. HEMATITE (U-TH)/HE DATA FROM PYRAMID MOUNTAINS, 
SOUTHWEST NEW MEXICO 
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We applied a series of data filters to the N=70 dataset to evaluate concordance of 
geologically viable results. We exclude analyses with (1) > 6% discordance, (2) ablation 
pits incorporating material from ~1.3–1.0 Ga inherited cores, and (3) ablation pits that hit 
parallel partings because of their likelihood of hosting common Pb. MC15-1C yields 14 
concordant dates, but only 10 concordant Cenozoic dates. MC15-2 yields 20 concordant 
dates, with 17 concordant-Cenozoic dates. Because the U-Pb dates come from the same 
rock type and samples yield results that overlap, we treat the two samples as one dataset 
to determine the age of the host rock. The mean of the zircons that passed all of the data 
filters described above is 58.6 ± 1.2 Ma (N=27) at 2σ uncertainty, with youngest two 
dates averaging 54.5 ± 1.3 Ma (2σ). 
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Figure 7. (A) Representative CL images of zircon reveal zoning, inherited ~1.3–1.1 
Ga cores, and LA-ICP-MS spots that hit parallel partings. (B) Zircon He and zircon 
U-Pb dates from two samples MC15-1C (green bars) and MC15-2 (blue bars). Red 
numbers correlate to spot numbers in (A). Individual zircon (U-Th)/He date versus 
eU (C) and equivalent spherical radius (D). 
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TABLE 2. ZIRCON (U-TH)/HE DATA FROM HOST ROCK RHYOLITE IN 
PYRAMID MOUNTAINS 
  
Massa     
(μg) 
Radiusb 
(μm) 
lc   
(μm) 
U 
(ppm) 
Th 
(ppm) 
eUa 
(ppm) 
4He 
(nmol/g) 
Ftd 
Raw 
date 
(Ma) 
Corr 
date 
(Ma) 
Errore 
(Ma) 
 
z1 7.65 61.7 205 112.01 108.47 137.50 30.27 0.80 40.7 51.1 0.7 
z2 4.22 49.3 195 92.30 90.39 113.54 23.25 0.76 37.8 50.5 0.7 
z3 3.17 49.2 152 72.89 92.86 94.72 19.08 0.75 37.2 49.8 0.7 
z4 3.03 45.6 162 96.45 96.36 119.09 24.28 0.74 37.7 51.6 0.7 
z5 6.32 62.6 206 75.92 88.55 96.73 20.99 0.80 40.1 50.2 0.7 
         50.6 ± 0.7 Ma
f  
 
z1 2.57 40.5 176 120.79 113.92 147.56 29.19 0.71 36.6 52.3 0.7 
z2 7.04 62.6 210 73.28 69.40 89.59 20.46 0.80 42.2 52.8 0.7 
z3 18.88 87.7 275 131.48 101.35 155.29 33.80 0.86 40.2 47.0 0.6 
z4 13.08 78.8 228 77.66 75.21 95.34 22.11 0.84 42.8 51.1 0.7 
z5 6.16 58.4 215 103.72 87.32 124.24 27.46 0.79 40.8 51.9 0.7 
                  51.0 ± 2.3 Ma 
a Zr-based measurement 
b Equivalent spherical radius 
c Average length 
d Ft - alpha ejection correction of Hourigan et al. (2005) 
e1σ analytical uncertainty propagated from the U, Th, and He measurements and grain length    
uncertainties 
f Sample mean and 1σ standard deviation of the mean 
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TABLE 3. LA-ICP-MS U-PB ZIRCON ANALYSES FROM HOST ROCK RHYOLITE 
IN PYRAMID MOUNTAINS 
Sample & 
Analysis 
Number 
238U / 
206Pb 
% ± 
207Pb / 
206Pb 
% ± 
U 
(ppm) 
Dates (Ma) 
%  
Disc. 207 
Corr. 
% ± 
206Pb / 
238U 
% ± 
207Pb / 
235U 
% ± 
MC15-1C, UTM 12 S 0705882,3577262     
MC15-1C_03 108.272 1.302 0.046 0.002 70.4 59.3 0.7 59.3 0.7 58.4 2.2 1 
MC15-1C_04 102.987 1.534 0.050 0.003 51.3 62.0 1.0 62.3 0.9 66.0 4.1 6 
MC15-1C_06 108.460 1.356 0.049 0.002 67.5 59.0 0.7 59.2 0.7 60.6 2.4 2 
MC15-1C_19 105.597 1.512 0.049 0.002 70.1 60.6 0.9 60.8 0.9 62.8 2.5 3 
MC15-1C_25 105.708 1.506 0.050 0.002 87.3 60.5 0.9 60.7 0.9 64.0 2.5 5 
MC15-1C_28 109.051 1.774 0.047 0.002 79.2 58.9 1.0 58.8 1.0 59.7 3.0 1 
MC15-1C_35 105.708 1.686 0.050 0.002 118.2 60.5 1.0 60.7 1.0 64.2 2.3 6 
MC15-1C_36 108.460 2.258 0.045 0.004 86.5 59.4 1.3 59.2 1.2 57.5 5.2 3 
MC15-1C_39 113.895 1.702 0.048 0.002 151.6 56.3 0.8 56.4 0.8 56.5 2.2 0 
MC15-1C_40 109.409 1.784 0.049 0.002 106.3 58.5 1.0 58.7 1.0 59.5 2.8 2 
MC15-1C_01 99.305 1.376 0.083 0.003 61.5 61.7 0.9 64.6 0.9 110.3 3.4 41 
MC15-1C_02 94.661 1.220 0.121 0.003 66.0 60.7 1.1 67.7 0.9 165.3 4.8 59 
MC15-1C_05 97.714 1.323 0.065 0.003 46.1 64.1 0.9 65.6 0.9 88.0 3.8 25 
MC15-1C_07 80.841 1.155 0.272 0.006 139.3 54.4 2.6 79.3 1.1 384.1 9.8 79 
MC15-1C_08 84.602 2.432 0.194 0.006 62.5 60.2 2.4 75.7 2.2 275.7 11.4 73 
MC15-1C_09 76.511 2.178 0.158 0.013 24.5 70.8 2.8 83.7 2.4 253.8 18.3 67 
MC15-1C_10 70.572 2.871 0.245 0.016 80.1 65.7 4.1 90.7 3.7 417.1 41.5 78 
MC15-1C_11 81.833 1.732 0.166 0.005 32.1 65.3 1.9 78.3 1.7 247.9 7.0 68 
MC15-1C_12 73.910 1.541 0.247 0.011 38.3 62.5 2.9 86.6 1.8 385.6 21.6 78 
MC15-1C_13 102.881 2.244 0.076 0.004 75.0 59.9 1.4 62.4 1.4 97.0 5.7 36 
MC15-1C_14 73.475 1.670 0.237 0.007 55.4 64.1 2.8 87.1 2.0 373.1 11.5 77 
MC15-1C_15 98.425 1.657 0.080 0.004 56.8 62.2 1.1 65.2 1.1 107.4 5.8 39 
MC15-1C_16 104.275 1.564 0.060 0.003 53.4 60.4 0.9 61.5 0.9 76.4 3.8 19 
MC15-1C_17 96.432 1.384 0.058 0.003 62.1 65.5 1.0 66.5 1.0 81.1 4.1 18 
MC15-1C_18 96.805 1.536 0.083 0.003 86.7 63.0 1.1 66.2 1.1 112.0 3.2 41 
MC15-1C_20 4.523 0.056 0.086 0.001 123.6 1284.4 15.6 1287.7 15.9 1298.9 22.8 1 
MC15-1C_21 4.704 0.055 0.085 0.001 150.7 1236.2 14.2 1242.7 14.5 1274.1 22.3 2 
MC15-1C_22 88.106 1.321 0.086 0.003 101.8 68.8 1.1 72.8 1.1 128.0 4.3 43 
MC15-1C_23 86.881 1.235 0.163 0.004 46.2 61.9 1.5 73.8 1.0 232.0 6.4 68 
MC15-1C_24 64.851 2.034 0.372 0.024 29.0 53.9 5.5 98.6 3.1 591.2 36.3 83 
MC15-1C_26 107.689 1.335 0.060 0.002 78.8 58.5 0.8 59.6 0.7 75.4 3.1 21 
MC15-1C_27 105.597 1.512 0.078 0.004 67.2 58.1 0.9 60.8 0.9 97.4 4.8 38 
MC15-1C_29 105.831 1.353 0.076 0.003 111.8 58.2 0.8 60.6 0.8 96.6 3.6 37 
MC15-1C_30 4.548 0.056 0.096 0.001 486.4 1259.1 15.5 1281.3 15.9 1377.0 23.7 7 
MC15-1C_31 4.195 0.046 0.094 0.001 332.5 1366.4 14.8 1378.4 15.0 1429.0 22.7 4 
MC15-1C_32 63.052 1.666 0.252 0.010 16.1 72.5 3.6 101.4 2.7 441.1 22.1 77 
MC15-1C_33 87.108 1.541 0.192 0.006 54.8 58.7 1.8 73.6 1.3 267.6 8.4 72 
MC15-1C_34 104.932 1.666 0.056 0.003 151.5 60.4 1.0 61.1 1.0 72.0 3.4 15 
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Sample & 
Analysis 
Number 
238U / 
206Pb 
% ± 
207Pb / 
206Pb 
% ± 
U 
(ppm) 
Dates (Ma) 
%  
Disc. 207 
Corr. 
% ± 
206Pb / 
238U 
% ± 
207Pb / 
235U 
% ± 
MC15-1C_37 101.010 1.566 0.151 0.007 161.4 54.3 1.4 63.5 1.0 190.2 10.5 67 
MC15-1C_38 106.838 1.540 0.079 0.002 179.6 57.4 0.9 60.1 0.9 98.2 2.7 39 
MC15-2, UTM 12 S 0706463,3578022 
MC15-2_01 110.865 2.502 0.048 0.002 64.9 57.8 1.3 57.9 1.3 58.0 2.6 0 
MC15-2_04 118.064 2.882 0.047 0.003 60.9 54.4 1.3 54.4 1.3 53.7 3.6 1 
MC15-2_05 117.786 2.707 0.047 0.002 114.8 54.5 1.3 54.5 1.3 53.7 2.7 2 
MC15-2_06 107.527 2.679 0.047 0.002 88.5 59.7 1.5 59.7 1.5 59.8 3.2 0 
MC15-2_07 113.623 2.507 0.047 0.002 111.5 56.5 1.2 56.5 1.2 56.0 2.2 1 
MC15-2_08 110.497 3.505 0.048 0.003 119.8 58.0 1.8 58.1 1.8 57.9 5.0 0 
MC15-2_09 109.051 3.336 0.047 0.004 55.4 58.8 1.8 58.8 1.8 58.6 5.4 0 
MC15-2_10 113.636 3.171 0.045 0.003 68.7 56.6 1.6 56.5 1.6 53.7 3.3 5 
MC15-2_11 112.208 2.301 0.047 0.002 93.6 57.2 1.2 57.2 1.2 56.8 1.9 1 
MC15-2_12 107.101 2.236 0.045 0.002 76.3 60.1 1.3 59.9 1.3 56.4 2.2 6 
MC15-2_13 106.383 2.567 0.047 0.002 82.5 60.3 1.5 60.3 1.5 59.4 3.0 2 
MC15-2_14 111.732 2.914 0.047 0.002 189.4 57.5 1.5 57.4 1.5 57.2 3.0 1 
MC15-2_22 104.712 2.580 0.047 0.005 65.1 61.3 1.5 61.3 1.5 62.3 6.9 2 
MC15-2_23 109.818 2.334 0.047 0.001 82.5 58.5 1.2 58.4 1.2 58.3 1.9 0 
MC15-2_24 115.607 2.642 0.046 0.003 102.2 55.6 1.3 55.5 1.3 53.7 3.2 3 
MC15-2_29 109.158 2.323 0.047 0.002 81.3 58.8 1.3 58.8 1.3 57.9 2.6 1 
MC15-2_30 106.281 2.235 0.050 0.002 60.9 60.2 1.3 60.4 1.3 63.4 2.9 5 
MC15-2_02 111.235 2.513 0.072 0.006 93.6 55.7 1.3 57.7 1.3 85.9 6.6 33 
MC15-2_03 106.689 2.185 0.079 0.003 108.7 57.5 1.2 60.1 1.2 98.3 3.4 39 
MC15-2_15 110.865 2.502 0.057 0.003 63.2 57.1 1.3 57.9 1.3 68.9 3.0 16 
MC15-2_16 111.645 2.348 0.055 0.001 216.9 56.9 1.2 57.5 1.2 66.9 1.7 14 
MC15-2_17 4.268 0.085 0.094 0.002 449.0 1343.8 26.3 1357.0 27.0 1411.4 28.0 4 
MC15-2_18 4.706 0.097 0.093 0.002 587.9 1221.6 24.7 1242.1 25.6 1338.8 27.4 7 
MC15-2_19 107.170 2.188 0.071 0.003 121.8 57.9 1.2 59.9 1.2 88.8 3.6 33 
MC15-2_20 105.708 2.353 0.099 0.004 143.8 56.3 1.4 60.7 1.4 123.9 5.1 51 
MC15-2_21 5.698 0.125 0.093 0.002 439.7 1014.1 21.8 1042.3 22.8 1200.2 25.8 13 
MC15-2_25 62.617 1.363 0.073 0.002 459.8 98.6 2.2 102.1 2.2 151.6 4.3 33 
MC15-2_26 106.610 2.379 0.068 0.003 105.6 58.4 1.3 60.2 1.3 85.3 3.8 29 
MC15-2_27 106.270 2.369 0.051 0.002 203.1 60.1 1.3 60.4 1.3 64.9 2.3 7 
MC15-2_28 106.011 2.218 0.059 0.002 124.7 59.5 1.3 60.5 1.3 75.6 3.7 20 
All ( % ± ) are given at 2-sigma. 
Black text are analyses removed by filter criteria: (1) 1.3–1.0 Ga analyses removed to avoid inheritance U (ppm) Dates 
(Ma) % Disc.; (2) Analyses demonstrating >6% discordance removed; (3) Over 85% of spot analyses that sampled zircon 
surfaces exhibiting parallel partings produced discordance values >15%, thus all analyses sampling parallel partings were 
removed to avoid the influence of common Pb. 
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DISCUSSION 
Rhyolite Geochronology and Postformation Thermal History 
We integrate zircon U-Pb and zircon He data to constrain the timing of host rock 
emplacement, and subsequent thermal history. We interpret the 54.5 ± 1.3 Ma (2σ) date 
to reflect emplacement of the host rock and the ~59 Ma dates to reflect an inherited pre-
eruptive magma storage period. The ~54 Ma eruption age overlaps with the mean zircon 
He date, implying the host rock cooled rapidly following emplacement. The uniform 
zircon He date-eU trends and the uniform zircon He date-radius also support this 
interpretation (Figure 7C and 7D). The overlap of the uniform zircon He data with the 
zircon U-Pb data suggests the two datasets provide limitations on post-emplacement 
reheating and reburial. 
Independent evidence in the rock record also supports a simple low-temperature 
history following rhyolite emplacement. Lasky (1938) and Clark (1970) suggest only 
~150 m of cover was eroded from the Pyramid mountains since the early Eocene-late 
Paleocene. Additionally, the Animas Valley Cenozoic sediment infill is thin (~300 m on 
average), supported by well logs and subsurface imaging (Smith, 1978; Schochet and 
Cunniff, 2001). Limited erosion in the region is consistent with the shallow basin fill that 
the Animas Valley and other nearby valleys in the region exhibit. Prior work 
demonstrated neighboring valleys such as the Playas Valley and Hatchita Valley also 
contain relatively little recent fill (a few hundred meters thick) (Chang et al., 1999). 
Chang et al. (1999) proposed two interpretations for shallow basin fill including (1) 
recent uplift in the Big Hatchet Mountains and Little Hatchet Mountains along basin 
bounding normal faults or (2) recent extension, compensating for earlier shortening, that 
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has not had sufficient time to produce deep basins. The latter hypothesis is supported by 
the observation that upper Cenozoic deposits unconformably overlies upper Paleozoic 
rocks in well logs (Chang et al., 1999). These data similarly suggest the basement region 
was at near-surface conditions preceding Basin and Range extension versus buried 
beneath Permian and Mesozoic strata observed elsewhere in the region. Regional 
thermochronology also supports that basement rock was near the surface preceding Basin 
and Range extension (Kelley and Chapin, 1997; Ricketts et al., 2015).  
Hematite He dates from fault-related fracture-fills implies tectonic activity ~4 Ma. 
These fractures are cross-cut by a north-south trending normal fault. The normal fault that 
cross-cuts the fracture suite runs parallel to the Animas Valley fault, and the Animas 
Valley fault has been shown to offset Holocene lake deposits, supporting Quaternary 
extension (Fleischhauer, 1978). The overlapping zircon U-Pb and (U-Th)/He dates, 
erosional patterns, valley sediment thickness, and regional low-temperature 
thermochronology all indicate the rhyolite host rock was emplaced at ~54 Ma within the 
upper few hundred meters the surface, where it has remained without significant regional 
reheating due to tectonism and/or reburial.  
Hematite He Formation Ages and Modification by Diffusive He Loss  
The hematite-filled fractures cross-cut the ~54 Ma rhyolite and thus post-date it. 
We suggest that our hematite He dates record hematite formation between ~3.5–1 Ma. 
The is supported by the overall intrasample reproducibility of our hematite He dates in 
eight of the 12 samples. Field observations and zircon U-Pb and (U-Th)/He data patterns 
suggest the host rock likely remained at near-surface conditions since the timing of 
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emplacement, buried beneath likely no greater than ~300 m of basin sediment since 
eruption. The hematite fractures and hematite coatings preserve open voids, supporting a 
near-surface hematite precipitation environment.  
Four of the 12 mean hematite He dates yield >15% sample standard deviation and 
we seek to understand the source of this data dispersion. We first consider under what 
conditions our hematite aliquots could experience He loss, owing to their fine-grained 
texture and likely corresponding low He retentivity. SEM images show crystal half-
widths of ~1–200 nm in thickness (Figure 4). Assuming an Ea of 147.5 kJ/mol and D0 of 
2.2x10-4 cm2/s (Evenson et al., 2014) and a nominal 10 °C /Myr cooling rate, we 
calculate a 40–60 °C bulk hematite He Tc. The low-temperature sensitivity implies this 
hematite would be susceptible to diffusive He loss from even subtle thermal perturbations 
over geologic time. Because hematite is a polycrystalline aggregate with diffusion 
domains that reflect physical crystal size, the bulk Tc could vary between aliquots from 
the same sample, often less than a millimeter apart (Figure 8). The distribution of 
hematite He dates may be the consequence of natural grain size variability among the 
aliquots selected for analysis and variable He loss from aliquot to aliquot over a given 
time-temperature history. 
In an effort to determine whether diffusive He loss from hematite aliquots of 
variable bulk diffusivity could produce the observed date distribution, we employ an 
isothermal holding model. For this thought experiment, we consider hematite 
mineralization at 4 Ma, given that our hematite He data do not exceed 4 Ma (Figure 9). 
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Figure 8. Illustration of a single fracture fill with variable bulk domain size 
distributions. This schematic illustrates how the formation age is retained or lost 
due to the He diffusion kinetics in hematite and goethite from high retentivity 
domains (HRD), and low retentivity domains (LRD). Although this schematic 
represents a single fracture fill, we except each fracture fill sampled to exhibit 
variable proportions of LRD and HRD. This illustration demonstrates how aliquots 
from the same sample, just microns apart, may produce disparate hematite He 
dates. Assuming 4 Ma formation, aliquot A comprises HRD yielding dates close to 4 
Ma. Aliquot C, exclusively comprises LRD yielding dates close to zero. Aliquots B 
and D yield dates in between those two end-member scenarios. 
Simulations using Equation 5 from Wolf et al. (1998) to generate an isothermal 
holding model and determine the percentage of He lost from a hematite aliquot composed 
of a uniform grain size distribution held at a constant temperature for a given time 
(4 Ma). The model assumes a zero-initial age and tracks the accumulation and loss of He 
for the assigned duration and holding temperature. We model the fractional He loss from 
hematite with grain half-widths (r) of 1 nm, 10 nm, 200 nm, 500 nm, and 1 µm assuming  
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Figure 9. Fractional He and (U-Th)/He age retention (left y axis) and corresponding 
date (right y axis) resulting from isothermal holding for 4 m.y. at temperatures from 
0–100 °C. The model was made using Equation 5 from Wolf et al. (1998) assuming a 
zero initial age. The curves represent the expected He loss from hematite and 
goethite assuming He diffusion kinetics of Ea of 147.5 kJ/mol and D0 ~2.2x10-4 cm2 /s 
for hematite (blue curves) based on compilation in Evenson et al. (2014). Diffusion 
kinetics with an Ea of 163 kJ/mol and a ln(D0 /a2) of 26 ln(s–1) was used for goethite 
(red curves) and taken from Reiners et al. (2014). 
 
a hematite Ea of 147.5 kJ/mol and D0 of 2.2x10
-4 cm2/s (Evenson et al., 2014). We also 
include model goethite because we suspect two samples (MC15-5M and MC15-5B) may 
be in part or entirely composed of this phase. The observed iridescence on the surface and 
subsurface layers of the assumed hematite may actually be a mixture of goethite and 
hematite, colloquially named turgite. We use the goethite diffusion kinetics reported in 
Reiners et al. (2014) with an Ea of 163 kJ/mol and a ln(D0 /a
2) of 26 ln(s–1). Figure 8 
illustrates how He loss and hematite He date evolve with temperature and time for each 
grain size.  
Model results suggest that diffusive He loss could explain the hematite He date 
distribution of our dataset and dispersion among aliquots from the same sample. With this 
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in consideration and the 4 m.y. duration scenario, modeled hematite He dates 
corresponding to 1–50 nm grain sizes at temperatures from 20–40 °C match our hematite 
He date distribution (Figure 10). We emphasize that these models present the maximum 
He loss permissible over this time because regional thermal perturbations are not likely 
protracted or isothermal. Nevertheless, it provides a first-order approximation on the 
expected He diffusion behavior of hematite aliquots with bulk grain size distributions 
similar to our measured dataset. 
The hematite He data patterns, including likely He loss from low retentivity 
domains, may be a signature of the elevated geothermal gradient. Ignimbrite volcanism, 
Quaternary volcanism, and the occurrence of regional hot wells suggest that this area may 
have experienced an elevated geothermal gradient for a protracted length of time. The 
Animas Valley is the site of Pleistocene volcanism and ongoing hydrothermal activity in 
part due to the recent basaltic eruption ~511 ± 3 ka (Smith, 1978). The modern day 
geothermal gradient within the Pyramid Mountains is approximately 46 °C/km based on 
temperature measurements in mine shafts (Lasky, 1938).  
Alternative Mechanisms to Modify Hematite He Dates  
Additional process may impact the hematite He dataset distribution in select 
samples. First, some hematite He dates could record a protracted formation from ~3.5–
1 Ma. This interpretation requires more than a million years of formation age differences 
across the fracture suite and even distances <1 mm within the same sample (e.g., A14-1).  
34 
 
Figure 10. Fractional (U-Th)/He age based on Wolf et al. (1998) Eq. 5, assuming a 
zero initial age. Curves represent expected ages for aliquots if held for 4 m.y. 
isothermally at the temperatures shown on the x-axis. Diffusive He loss likely in 
dispersed samples. Vertical dashed lines are those imposed by the zircon He data at 
1σ uncertainty, T ≤ 60 °C, and 2σ uncertainty T ≤ 95 °C. Horizontal dashed lines 
denote the limits the hematite He data. To remain inside 1σ uncertainty, date must 
be between 700 ka and 3.5 Ma, for 2σ uncertainty date must be between 620 ka and 
3.7 Ma. 
We see no evidence to support a drawn-out formation history such as physical beveling 
or chemical alteration of botryoidal layers. 
Second, post-formation U-Th addition could produce hematite He dates younger 
than their true formation age (Reiners et al., 2014). Uranium may be incorporated into 
hematite’s mineral structure via adsorption and ionic substitution of U(IV) and U(VI) as 
well as co-precipitation in closely associated phosphates, oxyhydroxides, and uranyl 
complexes (Casas et al., 1994; Murakami et al., 1997; Duff et al., 2002; Singh et al., 
2010). This is most favorable under oxidizing fluids saturated in U (Murakami et al., 
1997). Thorium is less soluble and mobile than U but may incorporate into or onto 
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hematite via ionic substitution and adsorption under similar conditions (e.g., Kameneni, 
1986; Heim et al., 2006; Singh et al., 2010). Differential uptake of the parent material 
would produce date-U trends of increasing U with younger dates. Our hematite He date-
U trend for the entire dataset is negative, but that correlation within individual samples is 
inconsistent and unrelated to the samples’ standard deviation (Figure 6B). Furthermore, 
there are no positive intrasample hematite He date-Th/U ratio trends, or systematic 
relationships between these trends and sample standard deviation either (Figure 6C). 
Investigating trace element concentration data for our hematite aliquots would allow us to 
decipher whether U uptake did occur, but we lack this information.  
Finally, the hematite He date distribution may be the result of natural variability 
in bulk domain size distribution, chemistry, and presence of inclusions. Any subsurface 
features such as inclusions or grain size changes are obscured when imaging the aliquots 
chosen for analysis. We did not observe anomalous He or U-Th amounts or Th/U that 
would suggest our hematite included U and Th-rich phases (Reiners et al, 2014). We see 
no single aliquot outliers from any of the samples and find no evidence to suggest the 
dated aliquots contained other mineral phases. We thus discount this scenario as the 
likely source of date dispersion.  
Magmatic and Tectonic Implications  
We integrate our hematite He, zircon U-Pb, and zircon He results and 
interpretations with field relationships and prior geochronology to refine the magmatic 
and tectonic history of the Pyramid Mountains (Figure 11). For simplicity, we represent 
the history in six time stamps, with T1 recording the Grenville-aged Proterozoic basement 
36 
exposed at the surface. Although ancient basement is not exposed at the surface in the 
Pyramid Mountains, the presence of ~1.3–1.1 Ga xenocrystic cores in zircon in the host 
rhyolite suggests rocks of this age are at depth (TABLE 3; Figure 7A).  At T2, the 
exposed basement was topographically high enough to be an erosional surface as recently 
as the late Cretaceous. Mid- to late-Cretaceous sandstone is unconformably deposited on 
the Proterozoic rock. At T3, following emplacement of a mapped Cretaceous andesite 
(>60 Ma), the Lordsburg stock was emplaced near the shallow crust at ~58 Ma (Marvin 
et al., 1978) producing contact metamorphism in the ~67 Ma andesite and other 
Cretaceous country rock (Lasky, 1938; Clark, 1970). By 54 Ma, the Lordsburg stock was 
exposed at the surface, evidenced by the rhyolitic units (Tv) capping the Lordsburg stock 
(Thorman and Drewes, 1978). At T4, (~54 Ma), magmatic processes produced extensive 
Cu-Au-Ag-Pb mineralization as well as voluminous extrusive tertiary volcanic rock (such 
as the rhyolite that today hosts the hematite-coated fractures) that buried the Cretaceous 
andesite. Our zircon U-Pb and zircon (U-Th)/He dates came from (Tv) rhyolite suggest 
that from ~54 Ma to ~ 4 Ma the rhyolitic units did not experience substantial burial or 
reheating. At T5, hematite mineralization occurs between ~3.5 and 1 Ma, supported by 
our hematite He data. From ~4 Ma to present time, the rock was brought from a relatively 
shallow depth, at or below the water table, to within a meter or two of the surface 
(Figure 11). T6 (present day) shows the Lordsburg stock now exposed at the surface. This 
history implies that the hematite fracture-fill mineralization is distinct from the diffuse 
hematite mineralization documented to the SE in the Pyramid Mountains at ~54 Ma. 
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Figure 11. Refined geologic history of the Pyramid Mountains: Pc—Proterozoic 
basement, Kss—Cretaceous sandstone, Ka—Cretaceous andesite, Tg—Lordsburg 
stock (a Tertiary granodiorite), and Tv—extrusive rhyolitic rock that was emplaced 
coevally with voluminous mineralization. 
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CONCLUSIONS 
Hematite fracture fill in southwestern New Mexico yielded (U-Th)/He dates and 
the results were integrated with field and structural observations, scanning electron 
microscopy to characterize hematite texture and grain size distribution, and zircon U-Pb 
and zircon He chronology to constrain the timing of host rock formation and the ambient 
low temperature thermal history, respectively. Integrated zircon U-Pb, zircon He data 
patterns, and thermal history simulations suggest the host rock formed at ~54 Ma and has 
not exceeded 60 °C since that time. Limited erosion in the northern Pyramid Mountains 
restricts the depth at which the hematite in fracture-fills mineralized. The hematite 
textures and crystal morphology indicate it formed near the surface where fine-grains of 
botryoidal-hematite-precipitates and void space are preserved. Even under a high 
geothermal gradient, the shallow formation of a few hundred meters implies these rocks 
have likely remained at temperatures <40 °C.  
The hematite textural observations, hematite He and zircon He data patterns, and 
regional thermochronology data imply hematite He dates record fracture-hosted 
epithermal mineralization at ~3.5–1 Ma, slightly modified by variable diffusive He loss. 
We favor this to be the most likely scenario based on the reproducibility of the 49 
hematite He aliquots. The hematite aliquots that comprise the largest, most-retentive 
domains yield the oldest dates and the aliquots consisting of the finest-grained, lower-
retentivity domains (e.g., likely goethite) yield the youngest dates. The hematite appears 
to have formed from shallow fluids circulating along fractures between ~3.5 and 1 Ma  
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and was not modified by later mineralization or deformation. This hematite fracture suite 
is cross-cut by a normal fault providing additional evidence for Quaternary extension in 
southwestern New Mexico.  
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APPENDIX A. SUPPLEMENTAL FIGURES 
 
Figure A-1. Zircon texture and morphology images using optical microscopy and 
SEM BSE and CL imaging for sample MC15-1C from the Pyramid Mountains, New 
Mexico. CL images reveal zoning, inherited 1.3–1.0 Ga cores, and spots that hit 
parallel parting. 
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Figure A-2. Zircon texture and morphology images using optical microscopy and 
SEM BSE and CL imaging for sample MC15-2 from the Pyramid Mountains, New 
Mexico. CL images reveal zoning, inherited 1.3–1.0 Ga cores, and spots that hit 
parallel parting. 
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Figure A-3. Photomicrographs of hematite aliquots prior to being loaded into Nb 
tubes and degassed.  
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Figure A-3 (continued). Photomicrographs of hematite prior to being loaded into Nb 
tubes and degassed. 
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Figure A-4. Photomicrographs of zircon aliquots prior to being loaded into Nb tubes 
and analyzed via the (U-Th)/He method. 
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Figure A-4 (continued). Photomicrographs of zircon aliquots prior to being loaded 
into Nb tubes and analyzed via the (U-Th)/He method. 
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APPENDIX B. ADDITIONAL MATERIAL 
 
Figure B-1. (A) Simplified geologic map of the Sandia Mountains overlain on a 
DEM with shaded relief. The purple region shows distribution of Precambrian 
Sandia granite. White squares represent sample locations. Red dashed boxes denote 
sample locations of House et al. (2003) study. Hematite sample names are in black 
text and granite sample names are in purple text. Yellow box indicates the sample 
has been dated. White box indicates the sample has been collected. Photographs of 
hematite in outcrop demonstrate the various instances of hematite with deformed 
host rock, cataclasite, and veins from (B, C) La Cueva fault, (D) Knife edge fault, 
and (E) Tijeras Canyon. (F, G) Photographs of polished hematite slip surfaces and 
isolated iridescence. (H) Hand sample with both sides of hematite-coated fault.  (I, J, 
and K) Photographs of specular, cataclastic, and polygonal hematite, respectively. 
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Figure B-2. Photomicrographs of hematite, apatite and zircon aliquots from the 
Sandia Mountains prior to being loaded into Nb tubes and analyzed via the (U-
Th)/He method.  
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TABLE B-1. HEMATITE (U-TH)/HE DATA FROM SANDIA MOUNTAINS, 
CENTRAL NEW MEXICO 
  
U 
(ng)  
±1σ 
Th 
(ng) 
±1σ Th/U 
He 
(pmol)  
±1σ 
Date 
(Ma) 
Error 
(Ma)a 
 MC14s3A, UTM 13 S 0365444, 3897458     
H1 3.547 0.051 0.369 0.005 0.104 0.452 0.002 23.05 0.33 
H2 8.818 0.127 1.430 0.020 0.162 1.272 0.005 25.74 0.36 
H3 11.708 0.168 1.114 0.016 0.095 1.475 0.006 22.83 0.32 
H4 3.793 0.055 1.405 0.020 0.371 0.313 0.001 14.06 0.19 
H5 3.092 0.045 0.505 0.007 0.163 0.445 0.002 25.70 0.37 
H6 3.725 0.054 0.691 0.010 0.186 0.568 0.002 27.07 0.38 
H7 13.832 0.199 1.232 0.018 0.089 1.736 0.007 22.78 0.32 
H8 17.203 0.247 3.506 0.050 0.204 2.521 0.010 25.90 0.36 
        23.39 ± 4.12 Mab 
 MC14s3C, UTM 13 S 0365444, 3897458     
H1 2.361 0.034 0.872 0.013 0.369 0.241 0.001 17.43 0.24 
H2 3.849 0.149 1.674 0.289 0.435 0.438 0.002 19.13 0.72 
H3 1.555 0.022 0.399 0.006 0.257 0.164 0.001 18.45 0.26 
H4 0.854 0.012 0.238 0.004 0.279 0.087 0.000 17.61 0.24 
H5 2.014 0.029 0.649 0.009 0.322 0.216 0.001 18.51 0.26 
        18.23 ± 0.69 Ma 
 MC14s2A, UTM 13 S 0365444, 3897458     
H1 0.463 0.007 0.160 0.002 0.347 0.053 0.000 19.48 0.28 
H2 1.057 0.015 0.277 0.004 0.262 0.126 0.001 20.81 0.29 
H3 0.998 0.014 0.970 0.014 0.972 0.347 0.002 52.19 0.65 
H4 0.596 0.009 0.170 0.002 0.285 0.074 0.000 21.49 0.30 
H5 0.958 0.014 0.344 0.005 0.359 0.103 0.001 18.43 0.26 
        26.48 ± 14.42 Ma 
 MC14s5A, UTM 13 S 0365444, 3897458     
H1 2.128 0.031 0.720 0.010 0.338 0.176 0.001 14.21 0.11 
H2 1.695 0.024 0.525 0.008 0.310 0.127 0.001 13.00 0.19 
H3 3.492 0.050 1.287 0.019 0.369 0.266 0.002 12.99 0.08 
H4 2.593 0.037 1.444 0.021 0.557 0.171 0.001 10.83 0.09 
        12.76 ± 1.40 Ma 
 MC14-s5B, UTM 13 S 0365444, 3897458     
H1 0.160 0.002 0.184 0.003 1.153 0.006 0.000 5.90 0.11 
H2 0.602 0.009 0.774 0.011 1.286 0.060 0.000 14.17 0.19 
H3 0.312 0.004 0.317 0.005 1.018 0.010 0.000 4.92 0.08 
H4 0.278 0.004 0.321 0.005 1.154 0.012 0.000 6.10 0.09 
        7.77 ± 4.29 Ma 
 MC13-TCA, UTM 13 S (Float)      
H1 0.648 0.009 0.859 0.012 1.324 0.147 0.001 31.93 0.41 
H2 0.815 0.012 1.362 0.020 1.672 0.600 0.003 97.11 1.18 
H3 0.790 0.011 1.120 0.016 1.417 0.170 0.001 29.83 0.37 
H4 1.147 0.016 1.922 0.027 1.675 0.272 0.001 31.46 0.37 
        47.58 ± 33.03 Ma 
 MC13TCB, UTM 13 S (Float)      
H1 0.238 0.003 1.086 0.016 4.557 0.044 0.000 16.52 0.20 
H2 0.630 0.009 2.353 0.034 3.736 0.111 0.001 17.37 0.20 
H3 0.462 0.007 1.796 0.026 3.887 0.062 0.000 12.96 0.16 
H4 0.628 0.009 2.035 0.029 3.239 0.153 0.001 25.45 0.29 
        18.07 ± 5.27 Ma 
a 1σ propagated error from analytical uncertainties on U, Th, and He analyses. 
b Sample mean and 1σ standard deviation of the mean 
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TABLE B-2. APATITE (U-TH)/HE DATA FROM HOST ROCK GRANITE IN 
SANDIA MOUNTAINS, CENTRAL NEW MEXICO 
 Mass
a 
(ng) 
Radiusb 
(μm) 
lc 
(μm) 
U 
(ppm) 
Th 
(ppm) 
eUa 
(ppm) 
ppm eU 
w/ Sm 
(Ca) 
4He 
(nmol/g) 
Ca 
Sm  
(ppm) 
Ftd 
Raw 
date 
(Ma) 
Corr 
date 
(Ma) 
Errore 
(Ma) 
MC14s6, UTM 13 S 0365444, 3897458 
a1 594.91 40.4 160.0 19.767 60.246 33.925 41.597 1.512 103.767 0.66 6.78 10.62 0.27 
a2 1170.94 41.8 160.0 26.218 72.760 43.317 28.164 1.615 216.544 0.67 10.76 16.56 0.28 
a3 445.44 32.0 165.0 31.075 110.157 56.962 55.626 1.904 276.701 0.58 6.42 11.56 0.24 
a4 410.81 36.7 141.0 16.981 57.781 30.560 40.111 2.045 140.550 0.63 9.55 15.78 0.38 
a5 362.44 31.6 161.0 56.073 197.472 102.479 116.424 4.601 322.489 0.57 7.37 13.38 0.27 
                      13.58 ± 2.58 Maf  
a Ca-based measurement 
b Average equivalent spherical radius 
c Average length 
d Ft - alpha ejection correction of Hourigan et al. (2005) 
e 1σ analytical uncertainty propagated from the U, Th, and He measurements and grain length uncertainties 
f Sample mean and 1σ standard deviation of the mean 
TABLE B-3. ZIRCON (U-TH)/HE DATA FROM HOST ROCK GRANITE IN 
SANDIA MOUNTAINS, CENTRAL NEW MEXICO 
  
Massa 
(μg) 
Radiusb 
(μm) 
lc 
(μm) 
U 
(ppm) 
Th 
(ppm) 
eUa 
(ppm) 
4He 
(nmol/g) 
Ftd 
Raw 
date 
(Ma) 
Corr 
date 
(Ma) 
Errore 
(Ma) 
MC14s6, UTM 13 S 0365444, 3897458 
z1 0.0021 41.6 160.0 195.474 117.001 222.969 290.682 0.71 236.90 331.61 9.91 
z2 0.0030 44.8 200.0 152.135 103.337 176.419 245.930 0.73 252.98 345.22 10.31 
z3 0.0063 55.4 254.0 130.297 92.600 152.058 370.205 0.78 434.86 554.84 17.28 
z4 0.0057 53.8 301.0 82.471 73.581 99.762 227.338 0.78 408.21 525.96 15.90 
z5 0.0047 51.0 268.0 326.456 150.152 361.742 100.052 0.76 51.09 67.23 2.01 
z6 0.0032 43.6 259.0 1077.215 415.782 1174.923 89.361 0.73 14.10 19.51 0.57 
                  307.4 ± 224.3 Maf  
a Zr-based measurement 
b Average equivalent spherical radius 
c Average length 
d Ft - alpha ejection correction of Hourigan et al. (2005) 
e 1σ analytical uncertainty propagated from the U, Th, and He measurements and grain length uncertainties 
f Sample mean and 1σ standard deviation of the mean 
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Figure B-3. (U-Th)/He dates as a function of eU and U from the Sandia Mountains. 
(A) Hematite He dates range from ~5 to 23 Ma, overlapping with new and published 
apatite He results. (B) Mean House et al. (2003) AFT central dates ± 1 SE; 
individual House et al. (2003) dates reported without uncertainty (not available). 
Individual apatite He MC15-s6 reported with ± 2σ analytical uncertainty. Apatite 
He dates as a function of eU. Dates imply the Sandia Mountains were exhumed 
between ~10 and 17 Ma. Individual zircon He dates as a function of eU, with a 
positive, then negative, date–eU correlation. Illustrates radiation damage control on 
zircon He results. Aliquots as old as 97 Ma imply hematite formation prior to ~95 
Ma overlap between hematite He and apatite He results suggests the former records 
cooling due to unroofing of the Sandia Mountains during rifting. 
